Introduction {#s0005}
============

During the past 7 months the disastrous world wide pandemic of infection with SARS-Cov-2 virus has sickened more than 6.8million people and caused death in more than 362,000 as of June 6, 2020. In the United States the numbers are 1.9 million known cases and 110,000 deaths [@b0005]. Multiple organ systems are involved [@b0010], but nearly all autopsy reports mention extensive lung injury, as seen with other causes of ARDS. Several recent autopsy reports stress hypercoagulability, with large and small pulmonary emboli.

For bedside clinicians a big challenge has been the abrupt and unanticipated appearance of severe hypoxemia without obvious cause. Saturation levels are described as "plummeting", to levels as low as 50% saturation [@b0015] **.** Dyspnea is not prominent, and lung stiffness has not increased, as would be expected with the hypoxemia of typical ARDS [@b0020] **.** The profound hypoxemia may not respond to non-invasive oxygen therapy [@b0015]. In half of Gattinoni's first sixteen patients, the hypoxemia was attributable to large "shunt fractions", even exceeding 50% of cardiac output. One patient breathing room air had an arterial oxygen tension of 55 mmHg, corresponding to an O2 saturation of approximately 80% and a shunt fraction of 50%. Since oxygen extraction from coronary blood flow at rest is normally about ¾ of the available oxygen content, blood entering the coronary circulation with only 80% saturation might bring disastrously low blood pO2 to myocardial tissue dependent on end-of-the-line vessels. Reports of young patients suffering myocardial infarction without coronary artery plaques found at subsequent autopsy may reflect the severity of this hypoxemia [@b0025].

This severe and abrupt hypoxemia has often led to urgent intubation and mechanical ventilation, but without survival benefit in a disturbingly large fraction of cases, even with additional use of extra-corporeal membrane oxygenation ECMO [@b0030], [@b0035], [@b0040]. Calls for re-evaluation of the indications for mechanical ventilation in these patients are increasing, as evidence mounts of futility and even iatrogenic injury [@b0020]. There is widespread recognition that without greater chances of recovery patients are not likely to welcome invasive ventilation, because of inability to communicate with caregivers or loved ones in their final days of life [@b0015]. Optimum alternative treatment has not yet been identified.

Specialists in pulmonary and intensive care medicine are too few to satisfy the urgent need for their services in various hot spots around the globe---and the supply may need to be supplemented in many places by caregivers less practiced in these disciplines [@b0045]. We believe it is timely to review what is presently known about the pulmonary aspects of this illness and emphasize the possibility that severe and sudden hypoxemia in Covid-19 patients might be due to abrupt opening of a right-to-left inter-atrial shunt through a probe-patent foramen ovale. Establishing such a diagnosis may not yet always lead to life-saving treatment, but if futile treatment can be avoided while better options are developed, patients may still benefit.

Clinical background {#s0010}
===================

Roughly 80% of patients infected with SARS-Cov-2 do not require hospital care, and still fewer require intensive care. Among those who do, the odds of recovery from intubation, sedation, paralysis and mechanical ventilation are grim [@b0030], [@b0035], [@b0040]. The disease severity and chances of recovery are dramatically worse with increasing age [@b0050]. Patients may gradually develop pneumonia detected by imaging with little dyspnea or phlegm, or may be desperately ill from early in their hospital course.

Mason [@b0055] has provided an analysis of the clinical stages and cell biology that evolve in lungs infected by SARS-Cov-2 and other coronaviruses. Initially the virus attacks cells of the nose and upper airway [@b0060] then invades the lower airways, and finally reaches the peripheral parts of the lungs [@b0065]. This third stage can be recognized in CT scans of the chest. Like previous coronavirus outbreaks, this one involves viral attack on cell surface ACE2 enzyme receptors, which then permit viral invasion of the cell [@b0070], [@b0075]. ACE2 receptors are prominent on the surface of alveolar lining cells, and Coronavirus particles have been seen in alveolar spaces and in Type 2 alveolar lining cells in patients studied during the present pandemic, as have alveolar flooding and hyaline membranes [@b0080]. Pulmonary surfactant is secreted by Type 2 alveolar lining cells, and extensive viral destruction of those cells could lead to ARDS, a condition similar to that seen in babies born too immature to secrete surfactant.

Hypoxemia in the large majority of patients can be treated successfully with prone positioning and non-invasive supplemental oxygen administered by nasal prongs, face masks, non-rebreathing masks, and continuous positive airway pressure systems including those converted from sleep therapy equipment (CPAP). Success with this form of therapy implies that a major contributor to the hypoxemia in such patients was regional mismatch of ventilation to perfusion. Impaired reflex hypoxic vasoconstriction could increase that mismatch. It is not yet clear what fraction of patients have hypoxemia that is not responsive to such treatments, but the average shunt fraction was 50% in the first sixteen patients reported by Gattinoni [@b0020]. In half of their patients, the calculated shunt fraction was three times as large as the estimated fraction of lung that appeared airless based on CT scans, while in ARDS patients the shunt fraction is typically only 1.25 as great as the airless lung volume would predict. Hypoxic vasoconstriction would be expected to reduce this shunt fraction, not increase it above the normal mean V/Q ratio of one.

Our hypothesis {#s0015}
==============

The main objective of this paper is to draw attention to the possibility that severe atypical hypoxemia can result from opening a probe-patent foramen ovale. Estimates of frequency of patent foramen ovale in the population vary, but even if it were as low as one percent, there will already have been more than 19,000 such patients ill with proven COVID-19 in the United States alone. However, an autopsy study of 965 hearts at the Mayo Clinic found an incidence twenty-five times higher [@b0085]. With normal physiology, the higher pressure in the left atrium keeps the PPFO closed, but in the presence of pulmonary hypertension, right atrial pressure can exceed left atrial pressure. The PPFO may then open, sometimes leading to a large shunt of venous blood directly into the left atrium and peripheral circulation [@b0090]. Failure of supplemental oxygen therapy to correct hypoxemia should thus raise the likelihood of an intra-thoracic shunt [@b0095], including PPFO). Treatment of such a patient with mechanical ventilation will not close the shunt or correct the hypoxemia: it may make things worse due to the increased pulmonary vascular resistance and the barotrauma of high inflation pressures, and could produce still more leaky and wet lungs by excessive alveolar stretching [@b0020]. Even if Type 2 alveolar lining cells have not yet been extensively damaged by the virus, the presence of leaked lung fluid and protein into alveolar spaces will affect surfactant biophysics and contribute to greater work of breathing and to development of areas of atelectasis. These can function as intrapulmonary shunts.

Supportive evidence {#s0020}
===================

There are good reasons to suspect pulmonary hypertension in COVID-19 patients, starting with hypoxic constriction of pulmonary arteries. Abundant evidence from clinical hematology and pathology shows that severe coagulation disorders occur [@b0100] with both large and small pulmonary clots [@b0105], [@b0110], [@b0115], [@b0120], [@b0125]. Evidence from the SARS epidemic showed markedly increased activation of the Urokinase clotting pathway [@b0130] and DIC is often present in COVID-19 patients**,** with thromboses in peripheral veins and multiple organs. Survival is inversely related to the intensity of the DIC and recovery from the illness is associated with recovery of coagulation indicators. Further, Poissy et al report increased pulmonary emboli in lungs of COVID-19 patients, seemingly out of proportion to peripheral clotting [@b0115]. There is anecdotal evidence that use of tissue plasminogen activator brings immediate relief to some patients, but it's not yet clear if mortality is affected [@b0135].

Reports of severe and even fatal strokes have appeared in COVID-19, including cases of young and middle-aged adults [@b0140]. Some of these strokes in the young have been due to multiple emboli. This surprising finding may be a direct result of DIC, but could also reflect opening of patent foramen ovale with paradoxical cerebral embolization.

Several human coronaviruses use the ACE-2 metallo-protease enzyme as their receptor for cell entry, including the viruses causing SARS and COVID-19 [@b0145], [@b0150]. ACE2 is a carboxypeptidase that regulates the balance between opposing effects of Angiotensin II and Angiotensin [@b0005], [@b0010], [@b0015], [@b0020], [@b0025], [@b0030], [@b0035] by removing a single amino acid from the carboxyl end of Angiotensin II [@b0155]. X-ray crystallography has shown images of the interaction between ACE2 and the viral receptor binding domains of both the SARS virus and SARS-CoV-2 virus [@b0075], [@b0160]. The two binding domains are nearly identical in overall shape and binding site but differ antigenically [@b0075], [@b0145], [@b0160]. Neutralizing antibodies against SARS would not likely be effective against SARS-CoV-2.

The active site of ACE2 lies within a cleft formed by the hinged region, and is thought to be critical for the homeostatic role of ACE-2 [@b0165]. Exposure to nothing more than the binding domain of the SARS coronavirus Spike protein was sufficient to worsen lung injury in a mouse model of ARDS [@b0150], [@b0170]. This effect was not seen in ACE-2 Knockout mice, nor in the presence of the Angiotensin II receptor blocking agent losartan [@b0150], [@b0170]. A mutation of Spike protein (I507L) in another coronavirus strain (CoV-NL63) enhanced its ability to utilize the ACE2 receptor for infection, and converted it from being mildly pathogenic to one causing severe lower respiratory tract injury [@b0175]. The Spike protein of SARS-CoV-2 has greater affinity for ACE2 than that of the SARS virus [@b0075], [@b0145], and this might be responsible for its greater pathogenicity [@b0175].

Summary of evidence {#s0025}
===================

We review evidence that previously unexplained features of the abrupt, atypical and severe hypoxemia seen with Covid-19 could be due to an increase in right atrial pressure and subsequent opening of a previously closed foramen ovale (PPFO). We also review evidence of coagulation cascade activation by the spike protein of several coronavirus pathogens.

Intrathoracic shunt in COVID-19 patients {#s0030}
========================================

Is there a right to left shunt within the lungs or within the heart itself? Patent foramen ovale is surprisingly common both at autopsy [@b0085] and in vivo [@b0175]. Routine electrocardiogram is an unreliable guide to right atrial pressure [@b0185], and bedside echocardiography might not reveal a PPFO while it is still completely or almost completely closed. Imaging will usually reveal intrapulmonary shunt structures, and stethoscope or echocardiogram usually identifies open cardiac shunts. However, patients with a "probe-patent" foramen ovale may have no murmur or shunt flow so long as left atrial pressure exceeds right atrial pressure, as it normally does. Among patients with advanced lung diseases, 13 of 126 had a physiologically demonstrated right to left shunt. Among those with mean pulmonary artery pressure above 50 mm Hg, 40% had such a shunt [@b0180]. Treating hypoxemia due to such a shunt with invasive mechanical ventilation would accomplish nothing positive.

Although hypoxic vasoconstriction is a normal homeostatic mechanism to limit the degree of V/Q mismatch, its effectiveness varies among individuals. When COVID-19 has reached Mason's third stage [@b0055], incomplete homeostatic adjustment of regional pulmonary perfusion in severely damaged lung regions may produce a shunt-like effect, and make it impossible to achieve normal oxygen levels by any yet available means. We would expect such badly-damaged lung regions to be detectable by imaging. Early treatment to prevent COVID-19 from progressing to the stage of ARDS is the ultimate goal until the pandemic is tamed. But how?

Losartan protected animals from wet lungs produced by SARS spike protein [@b0150], [@b0170]: could it or ACE2 be clinically useful? Using CT pulmonary angiography in place of routine non-contrast chest CT might be appropriate given what we now know about the frequency of pulmonary emboli [@b0190]. Would it be useful to apply trans-venous balloon occlusion or patch closure of any atrial septal defect [@b0195], [@b0200] and simultaneously use pulmonary arterial vasodilators? No answer is yet available. Another ray of hope comes from the demonstration that pulmonary hypertension induced by hypoxic ventilation in young calves can be reversed by infusion of supersaturated oxygen-carrying saline solution [@b0205]. Additionally reperfusion microvascular injuries of the heart following 30-minute coronary occlusion were also reversed in similar experiments [@b0210]. Although not yet available for clinical use, such treatment is under development.

We have previously described a condition of severe hypoxemia in which oxygen treatment could easily be given, but was predicted to exacerbate the pathophysiology [@b0215]. COVID-19 challenges clinicians with a different dilemma, in which available oxygen delivery systems have been inadequate for some patients, perhaps because they do not address important (shunt) pathophysiology. In the presence of an abrupt and unexplained decrease in arterial oxygen level, bedside search for a large shunt through a patent foramen ovale can be accomplished using well established techniques such as 2-D echocardiography, pulmonary nitrogen washout, and others.
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